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In this issue of Blood, Yan et al 1 and Walz et al 2 exploit mouse genetics to investigate the contribution of signal transducer and activator of transcription 5 (STAT5) to the abnormal in vivo growth of hematopoietic cells expressing JAK2 V617F or BCR-ABL. Eliminating STAT5 expression had dramatic effects in both contexts, and this new work and other recent studies support the therapeutic potential of targeting pathways regulated by this important signaling molecule in patients with myeloproliferative neoplasms (MPNs).
S
ignal transduction, which broadly refers to communicating information from the plasma membrane to the nucleus, plays an essential role in regulating the size and composition of hematopoietic populations. Deregulated signal transduction leading to abnormal numbers of immature and differentiated cells is a hallmark of MPN. Somatic mutations in genes encoding signaling molecules are common in the neoplastic cells of patients with MPN, and expressing many of these proteins in primary mouse cells recapitulates the corresponding human diseases. 3 These data and the impressive clinical activity of targeted kinase inhibitors in some MPNs definitively established cause-and-effect by linking expression of mutant proteins identified in MPN to the underlying hematologic phenotypes. The mutations found in MPNs frequently alter relatively "proximal" components of signaling networks. From a clinical perspective, there are many examples of strong genotype/ phenotype correlations such as the associations of NRAS and CBL mutations with chronic and juvenile myelomonoytic leukemias, of JAK2 V617F with polycythemia vera (PV), essential thrombocytosis, and myelofibrosis, and of the BCR-ABL fusion with chronic myeloid leukemia (CML) and highrisk B lineage acute lymphoblastic leukemia (ALL).
On ligand binding, JAK2 transphosphorylates tyrosine residues on hematopoietic growth factor receptors that lack intrinsic receptor tyrosine kinase activity such as the erythropoietin (EPO) and granulocytemacrophage colony stimulating factor receptors (see figure) . These modifications create docking sites for regulatory molecules and ultimately lead to the activation of multiple effectors including SHP-2, Src family kinases, Ras, and phosphoinositide-3-kinase (PI3K). JAK2 also directly phosphorylates STAT5, which translocates to the nucleus and induces the transcription of multiple target genes, many of which serve antiapoptotic functions. 4 Transduction and transplantation of a constitutively activated Stat5 allele results in multilineage leukemia in mice; however, STAT5 mutations have not been reported in human cancer. Yan and coworkers made use of a conditional Jak2 V617F "knockin" mutation that accurately models many aspects of PV when activated by the Mx1-Cre transgene, 5 in the setting of an elegant allele generated in the Henninghausen laboratory in which loxP sites were inserted 110 kb apart to permit simultaneous deletion of Stat5a and Stat5b loci on Cre recombinase expression. 6 The authors intercrossed these strains to generate Mx1-Cre, Jak2 V617F mice that were also homozygous for the targeted Stat5a/5b mutation and then simultaneously induced JAK2 V617F protein expression and deleted Stat5a/5b. Genetic ablation of Stat5a/5b completely abrogated all signs of PV-like MPNs, including myelofibrosis. This impressive hematologic response was associated with normalization of progenitor populations and loss of EPO-independent erythroid colony growth, which is a hallmark of PV. Restoring STAT5 expression in hematopoietic cells from compound mutant mice rescued the ability of Jak2 V617F to induce MPNs, and in vitro experiments showed that Stat5a/5b-deficent bone marrow remained susceptible to transformation by oncogenic Kras G12D . Yan and coworkers also found that ablating Stat5a/5b reduced p70 S6 kinase phosphorylation as well as Bcl-X L , cyclin D2, and Pim-1 expression in Mx1-Cre, Jak2 V617F mice, suggesting that one or more of these proteins might contribute to the transformed phenotype. Walz et al used a retroviral transduction system and the same strain of Stat5a/5b conditional mutant mice to demonstrate that loss of STAT5 expression greatly attenuated, but did not eliminate, disease in an established model of Jak2 V617F -induced MPN. 2 The phenotypic differences identified in these studies likely reflect differential effects of endogenous levels of JAK2 V617F expression compared with higher levels in the retroviral model. Thus, STAT5 is an essential effector of JAK2 V617F -induced MPN in vivo.
Hoelbl and colleagues have shown that retrovirally expressed v-Abl cannot initiate and maintain MPN in the absence of STAT5 function. 7, 8 In studies that employed two complementary approaches to somatically inactivate Stat5a/b, Walz et al reached a similar conclusion with respect to the inability of BCR-ABL to induce MPN in cells lacking STAT5 expression. 2 They also observed a clear effect of Stat5a/b gene dosage on disease phenotype with aggressive MPN emerging rapidly in the context of normal levels of STAT5, and a mixed pattern of MPN and B lineage ALL seen in recipients that received cells lacking one Stat5a/b allele. By contrast, efficient homozygous inactivation of Stat5a/b abolished the ability of BCR-ABL to cause MPN. These authors also found that STAT5 is not absolutely required for BCR-ABL to induce abnormal growth of B lineage precursors in vitro or to cause B-ALL in vivo. Interestingly, it is known that mutating a Grb2 binding site in BCR-ABL (Y177) or inactivating the Gab2 adaptor abrogates BCR-ABLinduced MPN in mice, but many animals ultimately develop B lineage leukemogenesis. 9 Consistent with these observations in mice transplanted with BCR-ABL-expressing cells, pharmacologic inhibition of MEK profoundly reduces MPN in Kras mutant mice, but some animals ultimately die of T-cell leukemia despite continuous treatment. 10 Together, these data suggest that inhibiting aberrant signaling networks has a profound effect on MPN, but does not fully suppress oncogene-induced lymphoid leukemia.
Mouse models that accurately recapitulate human malignant neoplasms can direct novel therapeutic approaches. While a number of JAK2 inhibitors have been evaluated in patients with myelofibrosis, the clinical benefits observed to date have been modest relative to what has been observed in MPNs treated with BCR-ABL and PDGFR inhibition. 11, 12 Ineffective inhibition of JAK2 kinase activity is one possible explanation for these lackluster results. While this problem might be overcome by developing more potent and selective inhibitors, sustained inhibition of normal JAK2 activity could also be associated with unacceptable toxicity. Alternatively, it is possible that STAT5 may become reactivated in the malignant clone despite effective ongoing JAK2 inhibition. The ability to directly antagonize STAT5 would be appealing under either scenario. The evolving data implicating STAT5 activity as essential for the survival of JAK2 V617F -and BCR-ABL-driven MPN has led to considerable interest in clinically combining inhibitors of JAK2 and BCR-ABL in CML. However, how STAT5 is phosphorylated in CML cells is a central unresolved question, and data suggest that JAK2-independent phosphorylation of STAT5 may predominate in the context of BCR-ABL expression. For example, SRC (which may or may not be downstream of JAK2) can phosphorylate STAT5 in CML cells. 13 More recently, Hantschel et al reported that BCR-ABL can efficiently phosphorylate STAT5 in vitro, and showed that pharmacologic JAK2 inhibition does not contribute substantially to STAT5 dephosphorylation in CML cell lines. 14 Taken together, the existing data suggest that therapeutics that directly target STAT5 hold great therapeutic promise. As a dimeric transcription factor, STAT5 poses substantial challenges for drug development. Interestingly, however, Nelson et al recently identified the approved neuroleptic agent pimozide in a high-throughput screen as an inhibitor of STAT5 phosphorylation and an inducer of apoptosis in CML cell lines. 15 The underlying mechanism of action is unknown. Targeting the SH2 domain of STAT5 with small molecules is an alternative approach that is currently being pursued. In addition to directly targeting STAT5 itself, therapeutic efficacy might also result from inhibiting mediator(s) of activated STAT5. In this regard, the observation of Yan et al that the elevated levels of phosphorylated p70 S6 kinase in cells expressing JAK2 V617F are dependent on STAT5 expression 1 is provocative as it raises the possibility that inhibitors of JAK2 and the TORC complex might act synergistically. Although the absence of somatic mutations has allowed STAT5 to masquerade as an innocent bystander, mounting evidence that it is a coconspirator in the pathogenesis of MPNs raises exciting new therapeutic possibilities. ---------------------------------------------------------------------------------------------------------------- 
Conflict-of-interest disclosure: The authors declare no competing financial interests. ■
For personal use only. on December 15, 2017. by guest www.bloodjournal.org From
Angela G. Fleischman OREGON HEALTH & SCIENCE UNIVERSITY
In this issue of Blood, Gerber et al use aldehyde dehydrogenase (ALDH) activity to further subdivide the CD34 ϩ CD38 Ϫ compartment in the bone marrow of acute myeloid leukemia (AML) patients. They identify a unique population with intermediate ALDH activity (ALDH int ) that contains leukemia stem cells (LSCs). Moreover, persistence of this population after therapy is a marker of clinically significant minimal residual disease. 1 A LDH activity has been touted as a marker for normal and malignant stem cells, not only in the hematopoietic system 2-5 but also in solid organs such as breast, 6 colon, 7 and ovary. 8 Normal bone marrow CD34 ϩ CD38 Ϫ cells can be subdivided into 2 nonoverlapping populations based on ALDH staining (high and low), with the ability to engraft immunodeficient mice restricted to the ALDH high population. Gerber et al now demonstrate that AML patient bone marrow contains an additional subpopulation with intermediate ALDH activity (ALDH int ; see figure) . 1 This population is absent in normal control bone marrow. It is important to note that the ALDH int population is not necessarily a ubiquitous feature of AML; it was not present in 4 of the 20 newly diagnosed AML patients studied.
The ALDH int population fits the bill for the LSC compartment: as few as 1000 cells engraft leukemia into immunodeficient mice. The ALDH int population is uniformly positive for the clonal leukemic cytogenetic marker. Like the ALDH int population, cells within the ALDH low population also contain the diagnostic leukemia cytogenetic marker, but in contrast to ALDH int cells cannot engraft immunodeficient mice. This suggests that cells contained within the ALDH low population are the leukemic progeny of the ALDH int population.
The ALDH high population in AML patients is a reservoir of "normal" hematopoietic stem cells. This population is devoid of cytogenetic abnormalities and as few as 1000 cells engraft normal, nonleukemic hematopoiesis into immunodeficient mice, similar to the ALDH high population of normal bone marrow. Theoretically, on the basis of ALDH activity one could delicately separate out and collect normal hematopoietic stem cells amid a sea of leukemic cells.
Perhaps the most clinically relevant finding is that persistence of the aberrant ALDH int population after therapy was highly predictive of subsequent relapse. The authors followed 11 AML patients who achieved morphologic complete remission (CR) after induction chemotherapy. Of the 7 patients who consistently lacked the aberrant ALDH int population, none have relapsed (average duration of follow-up 509 days). In contrast, of 4 patients in whom the ALDH int population was detected, all 4 have subsequently relapsed. Perhaps detection of this aberrant population could be exploited as a measure of residual disease and could potentially be used to guide therapy.
ALDH activity has also been applied to investigate the ontogeny of the JAK2 V617F clone in chronic myeloproliferative neoplasms (MPNs). 9 In all 9 JAK2 V617F -positive patients investigated, the ALDH high population was composed of cells bearing the JAK2 V617F mutation, demonstrating that the mutation arises in a primitive hematopoietic progenitor. In the chronic phase of the disease the ALDH int population was absent, but subsequently appeared coincident with transformation to acute leukemia in 2 patients. This data further support the specificity of the ALDH int population to AML and its appearance as a herald of acute leukemia.
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